Nephronophthisis -medullary cystic kidney disease is a progressive chronic tubulointerstitial nephritis leading to terminal renal failure. About two thirds of the patients with familial juvenile nephronophthisis, an autosomal recessive disease, have a homozygous deletion at the gene locus on 2q13. Through a nationwide search, 59 patients were ascertained in Finland. The incidence was 1:61 800 live births when calculated over a 20-year period. Of the patients, 17 came from four families showing dominant inheritance and 37 patients from 28 apparently recessive families when classified by family history, clinical features or presence of a deletion on 2q13. Two were considered as new dominant mutations; three sporadic patients could not be classified. The most significant difference between the patients with deletions, patients without deletions but having recessive family history, and patients belonging to families with dominant inheritance was the age at first symptoms, at the start of dialysis and at transplantation. These facts will be of help in determining the mode of inheritance of a sporadic patient without a deletion.
Introduction
The term familial juvenile nephronophthisis was introduced in 1951 when Fanconi et al described seven children in two large kindreds having a progressive renal disease with contracted kidneys leading to death during childhood. 1 Actually, a sporadic patient with an identical kidney disease had been reported in 1945 by Smith and Graham, who used the term medullary cystic kidney disease. 2 This latter terminology was used by Hogness and Burnell in 1954 to describe a disease with similar pathology in adults. 3 The terminology has been confusing; later these two diseases have been thought to represent the same entity and the term nephronophthisis-medullary cystic disease, refers to this. 4, 5 However, there exists a very rare form of nephronophthisis which is autosomal dominant and leads to endstage renal disease between the third and fifth decades of life. [6] [7] [8] Usually, the term medullary cystic disease refers to the dominant form, and nephronophthisis to the recessive form. In this study we use nephronophthisis for both forms but specify the term with the additional clarifications -recessive, dominant and sporadic.
The first symptoms and signs leading to end-stage renal disease are polydipsia and polyuria caused by decreased urinary concentrating ability, anaemia and growth retardation. The kidneys become contracted when reaching the end-stage and macroscopic cysts of variable size can be seen at the corticomedullary border or in the medulla. 9 The light microscopic changes are not specific and they resemble those of any chronic tubulointerstitial nephritis. The thickening of the tubular basement membrane is probably the most characteristic histopathologic change in nephronophthisis. 10 Tapetoretinal degeneration is the most common of the extrarenal manifestations of nephronophthisis. This association, the Senior-Loken syndrome, has been estimated to account for 10-15% of the patients. 11, 12 Other associated manifestations are liver fibrosis, coneshaped epiphyses, cerebellar ataxia, calcification of basal ganglia, and pancreatic lipomatosis leading to insufficiency. [13] [14] [15] The pathogenesis behind nephronophthisis is unknown. A locus for recessive nephronophthisis (NPH locus) was assigned by linkage analysis to chromosome 2q13. [16] [17] [18] The families with the Senior-Loken syndrome and also some of the families with recessive nephronophthisis without extrarenal manifestations did not show linkage to NPH1 locus thus confirming genetic heterogeneity. 16, 17 Later, homozygous deletions of approximately 250 kb in the NPH1 region were detected in most patients showing linkage to 2q13. 19 Recently, two genes were identified in the deleted area. Of these, the NPHP1 gene consists of at least twenty exons and its transcript of 4.5 kb has been detected in human skeletal muscle, heart, kidney and pancreas by northern blot analysis. 20, 21 In this nationwide study we examined the epidemiology and genealogy of nephronophthisis as well as the clinical course of the disease. By studying the family history and the presence or absence of deletions on 2q13 we defined etiologically homogeneous groups of patients. The clinical course and especially the prognosis of the renal disease is described for the first time in genetically classified patient groups.
Patients and Methods
Nephronophthisis leads to terminal renal failure and renal replacement therapy. Figure 1 shows the three approaches for ascertainment of the patients. The primary search yielded 111 patients whose hospital records were studied. The following selection criteria were used for inclusion in the study. 3. Documentation of at least one of the following symptoms was obligatory: polydipsia, polyuria, anaemia, or growth retardation.
4. The urinary specific gravity had to be constantly below 1.010. Patients with nephritic sediment, proteinuria and haematuria were excluded, except low grade proteinuria, usually below 0.3 g/l.
5. The renal disease had to be chronic and progressive by nature.
The parents and/or patients in the 18 families that gave consent to deletion analysis were contacted and their family histories requested. The birthplaces of the parents and grandparents of all the patients were found through the population register. The ancestors of each patient were traced back 4-6 generations to discover consanguinity or remote relationship between the patients. The disease was considered dominant if it occurred in at least two consecutive generations, recessive if unaffected parents had more than one affected child, and sporadic if there was only one affected person in the family.
A segregation analysis of the recessive and sporadic families was carried out with corrections for truncate complete ascertainment by Apert's a priori method, and for truncate single ascertainment by omitting one affected child from each sibship. 22 The members of the 18 families with patients having either recessive or sporadic nephronophthisis were evaluated with primers 765F2L and 804/6 for the presence or absence of deletions of chromosome 2q13. 23 A DNA sample was available from at least one patient in each family/pedigree.
All available kidney biopsy specimens were histologically re-examined by one of our research group (JR). 
Results

Epidemiology
Altogether 59 patients fulfilled the selection criteria. Of these, 17 belonged to four families with dominant inheritance, 19 came from families showing recessive inheritance, and 23 were sporadic. The sibships of recessive and sporadic families are shown in Figure 2 . Interfamilial relationships were found between five families (9 and 29, 14-16) forming two pedigrees. The four dominant pedigrees are seen in Figure 3 Table 1 shows the division of 42 recessive and sporadic patients into different categories as concerns deletion study. Homozygous deletions of chromosome 2q13 were found in familes: 1, 4, 7, 9-16, 18 and 19 ( Figure 2 ). 23 Consequently, the 15 patients from these families form an etiologically homogeneous patient group with recessive nephronophthisis, Group I. The eight patients from families 2, 3, 5, 6, 8 and 17 ( Figure 2 ) did not have deletions. Of them, two pairs of siblings in families 6 and 8 can be assumed to have the autosomal recessive form too, but according to the haplotype analysis they are not linked to chromosome 2q13. 23 They form Group II. Deletion studies were not performed in the dominant families which form the third group, Group III. No samples were available for deletion studies from one recessive family (27), with three patients and 13 families with sporadic patients.
Forming of Groups I, II and III
Clinical Findings and Progression of the Disease
The main first symptoms or signs of the disease in Groups I, II and III are presented in Table 2 . Anaemia was the most common finding in Group I and hypertension in Group III. Both patients of family 6 in Group II were examined because of occasional bloody diarrhoea and anaemia at the ages of 11 and 17 respectively; histologically they were diagnosed as having ulcerative colitis.
The clinical and laboratory findings of the patients of the three groups at the time of diagnosis are shown in Table 3 . Serum creatinine values of the patients of 24 The ages at first symptoms or signs of the disease and progression of the disease to terminal renal failure are presented in Table 4 . In Group I the disease presented at an earlier age and progression was more rapid than in the other Groups.
In Group I, altogether 13 patients have received renal transplants. Two patients are not yet in terminal renal failure. Five of the patients received parental transplants. Seven of the patients are presently managing well after their first transplantation, one after the second, one after the third and one after the fourth transplantation. Two patients are waiting for their third transplants. Three patients had died before transplantations were available (families 16 and 19, Figure 2) .
Three of the four patients in Group II have received their first renal transplants and are managing well. Splenectomy was performed on the oldest patient of family 6 one month after transplantation because of leukopenia, thrombocytopenia and splenomegaly. His younger sister has not undergone transplantation because of tuberculosis.
In Group III, five patients are managing well after first transplantations, and one after the second. One patient has slow progressive chronic rejection after his first transplantation. One patient died of myocardial infarction three years after the first transplantation at the age of 54 years. 
Renal Histopathological Findings
The following histological changes were seen in all the kidney specimens: atrophic tubules, located far from each other, and remarkable thickening of the tubular basement membranes, especially in the distal tubules. Dilated tubules were often seen to form cysts of various sizes. Lymphocyte infiltrations and marked interstitial fibrosis were present either focally or diffusely. Glomeruli were either normal or sclerotic in variable degree. Vascular changes were usually absent. In conclusion, no histological differences were seen between the renal biopsies of the patients in Groups I, II, III and the patients who were not studied for the existence of the deletion.
Extrarenal Findings
Hepatic dysfunction was not seen in any of the patients and serum transaminases were normal in all the patients in Groups I, II and III. Liver ultrasonographs had been performed several times on 13 patients of Group I and at least once on all the patients of Groups II and III with normal findings. Two patients in Group II had ulcerative colitis without a liver disease. The electrophysiological studies, comprising electroretinograms and visual evoked potentials were performed on seven patients with either recessive or sporadic nephronophthisis at the Department of Ophthalmology, Helsinki University Hospital, and the results were normal.
Several radiological investigations had been performed on eleven patients of Group I and all four patients of Group II for evaluation of bone age and bone mineralisation. Bone abnormalities referring to syndromic forms of nephronophthisis were not seen, whereas signs of renal osteodystrophy were a common finding at advanced renal failure.
Classification of the Rest of the Patients not belonging to Groups I, II and III in the First Phase
Altogether 39 out of the original 59 patients could be classified into Groups I, II and III by family history and deletion analysis. In the following, the remaining 20 patients are classified according to the symptoms, signs and pattern of their disease into Groups I, II and III.
All three sons of family 27 had died because of terminal uraemia under 10 years of age, and 12 out of 17 sporadic patients had their first symptoms of the disease between the ages of 6 and 12 years and developed terminal uraemia between the ages of 9 and 16 years. Thus, these 15 patients most likely represent recessive nephronophthisis with deletions (Group I). Three sporadic patients developed terminal uraemia between the ages of 20 and 25 years and could not be classified. Two sporadic patients were over 35 years of age when developing terminal uraemia and they could represent new dominant mutations (Group III).
Segregation Analysis
In the families with deletions the proportion of affected sibs was 0.268 (SE 0.027) when corrected for truncate complete ascertainment by Apert's a priori method and 0.200 (SE 0.086) when corrected for truncate single ascertainment. In the families with no deletions or who were not studied for the existence of the deletion, the proportion of affected sibs was 0.250 (SE 0.032) when corrected for truncate complete ascertainment by Apert's a priori method and 0.154 (SE 0.065) when corrected for truncate single ascertainment. The sporadic patients who could not be classified or were probable new dominant mutations were excluded from the segregation analysis. The birthplaces of the grandparents of the patients are shown in Figure 4 . No parental consanguinity was found in any of the families.
Discussion
No reliable figures concerning the incidence of nephronophthisis/medullary cystic disease have been published. In this nationwide search we found altogether 59 patients fulfilling the generally accepted criteria. 16, 17 Because of the centralised treatment of terminal renal failure in Finland, the primary search for patients with clinical features compatible with nephronophthisis must have been practically complete. It is possible that some, especially adult patients, escaped our series because the nephronophthisis may have led to terminal renal failure with few symptoms and no renal biopsy sample. Another cause for bias is that perhaps all the patients born in the early 1980s have not yet presented with typical symptoms and signs of nephronophthisis. Nephrologists at the university and central hospitals were contacted to find early cases. In this study the incidence of nephronophthisis was 1:62 000 live-born when calculated for the 20-year period 1963-1982. A total of 37 patients from 28 families could be classified by family history, deletion analysis or clinical picture as having the recessive form of nephronophthisis. The incidence of the recessive form was When performing segregation analysis separately on families with deletions and families without deletions or who were not examined, the proportion of affected siblings when corrected for truncate complete ascertainment by Apert's a priori method was in concordance with autosomal recessive inheritance in both groups. However, it was lower in the non-deletion/not studied group when corrected for truncate single ascertainment. In spite of this, our conclusion is that most of these patients also represent recessive nephronophthisis. This is supported by the discovery that the birthplaces of the grandparents of the patients with deletions and those not studied are geographically situated in the same regions showing some accumulation in sparsely populated areas in western and central eastern Finland (Figure 4) . It is possible, however, that we may have classified some patients with new dominant mutations erroneously as recessive ones.
Linkage and haplotype analyses and deletion studies have confirmed the heterogeneity of nephronophthisis. 16, 17, 23 Previous studies have not revealed any clinical or histological features that would allow discrimination between deletion-positive and deletion-negative patients. 25 In this study we found three clinical presentations of nephronophthisis. When comparing the patients with deletions in Group I with patients of Group II, both representing recessive nephronophthisis, we found a statistically significant difference in the ages at the first symptoms, the time of diagnosis and the beginning of the dialysis treatment (Table 4) . However, the corresponding ages were even higher among those in Group III with dominant inheritance. Thus, onset at very young age, before the age of 15, suggests recessive disease and homozygous deletions are likely to be found in these patients. In a sporadic patient, the onset of the disease at 25 years of age or over, suggests the dominant form, whereas onset between 20 and 25 years of age fits both recessive and dominant forms. Hypertension before advanced renal failure suggests the dominant form, as does occasional mild proteinuria.
The finding of a homozygous deletion confirms the diagnosis of recessively inherited nephronophthisis. In these patients renal biopsy is not necessary. Age of onset, clinical details and course of the disease may help to categorise the patients without deletions to determine the mode of inheritance and to predict the progression of the disease. 
